Introduction
One of the major experimental aspects of Scanning Tunneling Microscopy (STM) operation is the reliable and reproducible formation of tunneling probe tips. It is well known that the structure of the tip influences significantly the resolution of STM [1] . Furthermore, the tunneling current noise depends strongly on tip surface contaminations [21.
Only a few papers are dealing with the analysis of surface composition of STM tips. Transmission Electron Microscopy (TEM) studies indicated that the most widely applied tungsten tips, prepared by electrochemical etching, were covered by thin ( 1 -5 nm thick) polycrystaUine tungsten oxides [3, 4] and carbon or graphite [2] layers. X-ray Photoelectron Spectroscopy method was employed for the determination of graphite tip surface composition [5] .
The purpose of this paper is the elucidation of chemical structure of electrochemically etched STM tungsten tip layers as well as the determination of the layer thickness~. In order to realize these objectives, Auger Electron Spectroscopy (AES) combined with Ar + sputter profiling and X-ray electron spectroscopy (XPS) techniques were utilized. 
Experimental
Electrochemically etched tungsten tips were fabricated by placing some millimeters of 0.5-ram cold drawn tungsten wire into an 1 tool/1 KOH etching solution and applying a 12 V ac potential to the tungsten wire (with respect to a platinum ring electrode inserted into the solution). The etching process was discontinued when the suspended wire fell off. The wires were cleaned after etching with ultrasound in distilled water and isopropyl alcohol. Figure I shows a Scanning Electron Microscope (SEM) image of a typical tungsten tip on which the analysis has been done.
AES measurements were performed with a PHI 600 SAM (Scanning Auger Microscope) system. The analyzed area was about 0.4 gm 2 at a primary beam energy Ep = 10 kV, a beam current Ip = 0.5 lxA and beam diameter of 0.7 gin. The resolution of the cylindrical mirror analyzer was set at 0.6%.
Alternate sputtering and Auger analysis were used during an in-depth analysis. The argon ion beam with an ion energy of 3.5 keV was produced by a differentially pumped ion gun. The sputter rate of tungsten oxide was found to be 4. XPS measurements were done with a KRATOS 800 system. The XPS spectra were taken with M g -K , radiation, after calibration of the instrument with a Cu standard sample to give an elemental binding energy of Cu2p3/2 = 932.67 eV. The analyzed area was about 0.2 m m 2 by a diaphragm utilization. In order to achieve reasonable quality for both the quantitative evaluation and peaks discrimination, XPS spectra of W4f, C l s and O l s needed about 15 h of data accumulation time with instrumental resolution ~ 1.3 eV. The quantitative evaluation of W4f, C l s and O l s was performed with the KRATOS DS800 software. Figure 2 shows the Auger spectrum of a typical STM tungsten tip at the surface region. It reveals oxygen and carbon in addition to tungsten.
Results and discussion

AES measurements
The measured Auger sputter depth profile of a tungsten tip is displaced in Fig. 3 . The peak-to-peak heights of the W M N N , C K L L and O K L L Auger peaks, divided by standard sensitivity factors [7] , have been plotted in atomic concentration (AC) mode as a function of sputter time.
It can be seen that the carbon and oxygen concentrations decrease very rapidly during the first minute of sputtering. The thickness of C and O layers in this region was found to be 1 -3 nm, as an average over 5 measured tips. This value is comparable to that one reported by Biegelsen et al. [3] (1 -5 nln) and Garnaes et al. [4] (3 -10 nm) for electrochemically etched oxide-covered tungsten tips studied with the TEM.
We conclude that the surface region of the tungsten tip is contaminated by carbon and oxygen arising from the preparation procedure and exposition to air. The thickness of this layer is independent of the time of exposition to air at room temperature, revealed by Auger in-depth profile measurements of W tips after 0. (Fig. 4a) seem to be indicative of a carbide character of carbon in the bulk [8] .
X P S measurements
Fig . 5 shows the XPS spectra of W4f, Cls and Ols of the STM tungsten tip. Binding Energy (BE) of W4fw2 signal (31.5 eV) was found to be close to that reported by other authors ( Table 1) . The quantitative evaluation and deconvolution of the W4f spectrum, taking into account Lorentzian-Gaussian contributions, revealed additional peaks at BE 35.5 and 37.5 eV (Fig. 5a ). Based on results of the fitting procedure and comparing these results with binding energies reported earlier for some tungsten compounds (Table 1) , we can confirm coexisting of W, WO3 and WC in the surface region of tungsten tips.
The complex character of the Cls spectrum is shown in Fig. 5b . The four XPS peaks at 283.1, 285.0, 286.1 and 287.1 eV can be related to tungsten carbide [9, 15] , graphite [17] , hydrocarbon carbon [18] and molecular adsorbed CO [16] .
The interpretation can be based also on 3 different states of CO adsorption (/~ at 282.6 eV, 0~ at 287 eV and "virgin" "An average value of 5 tips at 284.8 eV) on polycrystalline W [16] . Nevertheless, the application of "virgin" state, formed at 77 K [16] , seems to be rather doubtful in our case. However, the hydrocarbon contaminations from cleaning procedure should be taken into account. Similar analysis for O1s spectrum (Fig. 5 c) disclosed the existence of Ols XPS peaks at 530.9 and 532.7 eV, referred to WO3 (Table 1 ) and chemisorbed 0 2 and CO [15, 16] , respectively.
The results of quantitative evaluation of C, O and W concentrations are presented in Table 2 . Unexpected high concentration of carbon, found by our XPS measurements on the W tip, can be explained by carbon monoxide adsorption from the U H V system at very long (15 h) measuring times. In order to get a better insight into this contamination, we replaced the tungsten tip by a W sheet with a large area of the same material, to eliminate the long measuring time and exposure. The electrochemical etching and cleaning procedure were the same as for W tip. Ar + sputtering Figure 6 shows the tungsten sheet XPS spectra of W4f, C l s and O l s before (lines 1) and after (lines2) Ar + sputtering. The XPS measurements were executed before and after A r + sputtering of about 15 nm of tungsten, in order to compare results with AES data ( Table 2) .
The Ar + sputtering removes oxygen, carbon monoxide, graphite and tungsten oxide resulting in a decrease of O l s peak (Fig. 6c) and W4f doublet peaks of WO3 (Fig. 6a) . The tungsten carbide peak is revealed after elimination of graphite and CO (Fig. 6b) .
The resulting concentrations of C, O and W before and after sputtering are in reasonable agreement with AES data (Table 2) . Preferential sputtering of oxygen in more effective Ar + sputtering procedure, used for AES measurements, could be a reason of lower tip oxygen concentration compared with the W sheet XPS analysis results.
Conclusions
The following conclusions can be drawn:
-XPS and AES techniques appear to be very useful in qualitative and quantitative analysis of surface contaminations of STM tungsten tips. This is helpful for a preliminary selection of good performance tips.
-Graphite, tungsten carbide, carbon monoxide and hydrocarbons were found as main carbon contaminations of the tungsten tip surface.
-Chemisorbed oxygen, carbon monoxide and tungsten oxide were detected as oxygen contaminations of the W tip surface.
-The thickness of tungsten oxide was estimated to be 1 -3 nm.
-A small concentration of carbon and oxygen in the bulk of the tip depends on impurities of the tungsten material used for tip fabrication.
